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ABSTRACT In infants, Bordetella pertussis can cause severe disease, manifested as
pronounced leukocytosis, pulmonary hypertension, and even death. The exact cause
of death remains unknown, and no effective therapies for treating fulminant pertus-
sis exist. In this study, a neonatal mouse model of critical pertussis is characterized,
and a central role for pertussis toxin (PT) is described. PT promoted colonization,
leukocytosis, T cell phenotypic changes, systemic pathology, and death in neonatal
but not adult mice. Surprisingly, PT inhibited lung inflammatory pathology in neo-
nates, a result which contrasts dramatically with observed PT-promoted pathology in
adult mice. Infection with a PT-deficient strain induced severe pulmonary inflamma-
tion but not mortality in neonatal mice, suggesting that death in these mice was
not associated with impaired lung function. Dissemination of infection beyond the
lungs was also detected in neonatal mice, which may contribute to the observed
systemic effects of PT. We propose that it is the systemic activity of pertussis toxin
and not pulmonary pathology that promotes mortality in critical pertussis. In addi-
tion, we observed transmission of infection between neonatal mice, the first report
of B. pertussis transmission in mice. This model will be a valuable tool to investigate
causes of pertussis pathogenesis and identify potential therapies for critical pertussis.
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Pertussis, caused by the bacterial pathogen Bordetella pertussis, remains a major
public health concern, as incidence continues to increase in many countries (1).

Pertussis is typically characterized by episodes of severe and persistent paroxysmal
coughing (2). Although pertussis vaccines are in widespread use, the first dose is not
administered until 2 months of age or later, leaving very young infants susceptible to
pertussis (3, 4). In infants the disease can be particularly severe, requiring hospital
intensive care (5, 6). Pneumonia, pronounced leukocytosis, hypoxia, and pulmonary
hypertension are common manifestations of severe pertussis disease in infants (5–8),
and almost all pertussis fatalities are in this age group (4, 8, 9). Autopsy studies of lungs
from fatal pertussis cases commonly describe severe necrotizing bronchitis, pneumo-
nia, and edema, as well as pronounced leukocytosis visible in pulmonary vasculature (6,
10). However, few, if any, effective therapies for treatment of critical pertussis exist (3,
8, 11). It is unclear why pathogenesis of pertussis disease is different in young infants,
but it is well known that the immune system in infants is not equivalent to that in older
children and adults (12–14), potentially leaving infants susceptible to exacerbated
infection and disease.

Previous studies showed that neonatal (6-day-old) BALB/c mice were susceptible to
lethal B. pertussis infection after intranasal inoculation with doses (104 to 105 CFU) that

Received 15 May 2017 Returned for
modification 11 July 2017 Accepted 3
August 2017

Accepted manuscript posted online 7
August 2017

Citation Scanlon KM, Snyder YG, Skerry C,
Carbonetti NH. 2017. Fatal pertussis in the
neonatal mouse model is associated with
pertussis toxin-mediated pathology beyond
the airways. Infect Immun 85:e00355-17.
https://doi.org/10.1128/IAI.00355-17.

Editor Beth McCormick, University of
Massachusetts Medical School

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Nicholas H.
Carbonetti, ncarbonetti@som.umaryland.edu.

* Present address: Yael G. Snyder, Bacteriology
Division, USAMRIID, Ft. Detrick, Maryland, USA.

BACTERIAL INFECTIONS

crossm

November 2017 Volume 85 Issue 11 e00355-17 iai.asm.org 1Infection and Immunity

https://doi.org/10.1128/IAI.00355-17
https://doi.org/10.1128/ASMCopyrightv1
mailto:ncarbonetti@som.umaryland.edu
http://crossmark.crossref.org/dialog/?doi=10.1128/IAI.00355-17&domain=pdf&date_stamp=2017-8-7
http://iai.asm.org


are sublethal for adult (6-week-old) mice (15). However, disease pathogenesis was not
studied in these mice. Those authors also found that lethality was reduced upon
infection by B. pertussis strains with undefined transposon insertions putatively reduc-
ing secretion of pertussis toxin (PT) (15, 16). PT, a secreted virulence factor of B. pertussis
(17), ADP-ribosylates G�i proteins in mammalian cells, disrupting G protein-coupled
receptor (GPCR) signaling (18, 19). In adult mice, PT plays an important early role in
promoting infection by inhibiting innate immune responses (20–25). However, at peak
B. pertussis infection, PT is associated with exacerbated and prolonged lung inflamma-
tory pathology (26, 27).

We hypothesized that B. pertussis infection of neonatal mice represents a model for
critical pertussis in human infants and that further investigation of this model may lead
to discovery of therapeutic targets for critical pertussis. We further hypothesized that PT
plays a leading role contributing to neonatal pertussis disease pathogenesis and
lethality. In this study, we sought to characterize B. pertussis infection and disease in
neonatal C57BL/6 mice and determine the role of PT in pertussis pathogenesis in this
model.

RESULTS
B. pertussis lethality in neonatal mice is dose dependent and requires PT

expression. To establish our model, we challenged litters of 7-day-old C57BL/6 mice by
aerosol with increasing doses of wild-type (WT) B. pertussis, an isogenic PT-deficient
strain (ΔPT), or a strain expressing an enzymatically inactive form of PT (PT*) (23) and
harvested lungs at 1 day postinoculation (dpi) to determine the challenge dose.
Neonatal mice displayed 100% mortality with infectious doses of �105 WT CFU/lung.
The severity of disease increased with increasing CFU, with 50% mortality at 4 dpi for
a dose of 3 � 106 CFU/lung, compared with 12 dpi for a dose of 105 CFU/lung (Fig. 1A).

FIG 1 Neonatal mice succumb to B. pertussis infection. (A) Seven-day-old C57BL/6 mice were aerosol
challenged with a range of inoculation doses of the WT strain (black lines) and assessed for survival. The
ΔPT and PT* (gray solid and dashed lines, respectively; offset for visualization) were also administered at
a range of doses which were lethal for the WT but did not induce mortality (a dose of 5 � 105 CFU/lung
is depicted for each). Mice that survived past 18 dpi survived into adulthood. Survival curves represent
groups of 4 or more mice from a single replicate of experiments performed at least two times. (B) Body
weight was tracked daily in neonatal mice following aerosol PBS inoculation or infection with 5 � 105

CFU/lung of the WT or ΔPT strain and was compared with the starting weight at 1 dpi. Each data plot
represents a single mouse.
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In contrast, 6- to 8-week-old adult C57BL/6 mice did not succumb to infection at any
of these doses (data not shown). Lethality was completely dependent upon PT and its
enzymatic activity, since 7-day-old mice survived infection with ΔPT or PT* at doses of
5 � 105 CFU/lung, equivalent to lethal challenge with the WT, and greater (up to 107

CFU/lung) (the results from 5 � 105 CFU/lung are depicted in Fig. 1A).
An aerosolized inoculum equivalent to a dose of 5 � 105 CFU/lung was selected as

a high-dose WT infection that was lethal for neonates (WThi, ΔPThi), while a 10-fold-
lower dose (5 � 104 CFU/lung) represented a low-dose sublethal infection (WTlo, ΔPTlo).
WThi-infected neonatal mice gained weight at a rate equivalent to that for phosphate-
buffered saline (PBS)-inoculated pups up to 7 dpi. After 7 dpi, WThi-infected mice began
to lose weight, and by 10 dpi these mice had significantly reduced weight gain
compared with PBS-inoculated animals (Fig. 1B) (P � 0.005). Weight loss correlated with
disease severity, with WThi-infected mice succumbing to infection from 10 dpi and
reaching 100% mortality by 14 dpi. In contrast, weight gain in neonates inoculated with
ΔPThi was not significantly different from that in PBS-inoculated mice (Fig. 1B). These
data indicate that expression of PT during B. pertussis infection is required for severe
disease in this model. Interestingly, pups inoculated with WThi at 10 days of age did not
display infection-induced mortality (data not shown), suggesting an age-specific im-
pairment in the ability to survive infection.

PT promotes B. pertussis colonization but inhibits airway inflammation in
neonatal mice. Multiple studies have described enhanced bacterial colonization in
neonates compared with adult mice (28–30). In our study, neonatal mice displayed
significantly greater lung colonization than adult mice at 7 dpi (P � 0.001 for WThi and
P � 0.01 for ΔPThi) (Fig. 2A). WThi infection in neonates resulted in mean lung CFU of
3.4 � 107, compared to 6.8 � 106 CFU/lung with ΔPThi (P � 0.001), indicating that PT

FIG 2 Neonatal mice have increased bacterial burdens and PT-inhibited lung pathology. (A) Adult and neonatal mice inoculated with a high dose
of bacteria (2 � 106 CFU/lung for adults and 5 � 105 CFU/lung for neonates, as determined by lung loads at 1 dpi) were assessed for lung CFU
at 7 dpi. (B) Low-dose-inoculated neonates (5 � 104 CFU/lung) were assessed for bacterial burden at 7 and 14 dpi. Data points represent individual
animals for a single replicate of experiments performed at least two times. (C) Representative images of H&E-stained lung sections at 7 dpi
following high-dose inoculation in neonatal and adult mice. An asterisk indicates the location of bronchovascular bundle (BVB) inflammation, and
the scale bar represents 200 �m. Lung pathology was scored based on the percentage of BVB involved, the degree of involvement, and the
degree of lung tissue consolidation to yield a maximum score of 9. (D and E) Pathology was scored in high-dose-challenged mice at 7 dpi (D)
and in low-dose-inoculated neonates at 7 dpi and 14 dpi (E). Data are representative of a single replicate of experiments performed twice. **, P �
0.01; ***, P � 0.001; ****, P � 0.0001.
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promotes colonization (Fig. 2A). Neonatal mice inoculated with low doses also dis-
played PT-promoted lung bacterial burdens at 7 dpi, which became more pronounced
at 14 dpi (Fig. 2B). The high-dose aerosol challenge in adult mice yielded a dose of
�2 � 106 CFU/lung (data not shown), similar to that used previously for intranasal
inoculation (27). At 7 dpi, aerosol-inoculated adult mice did not display PT-promoted
colonization (Fig. 2A).

Classical pertussis is associated with a severe paroxysmal cough in children and
adults, but in infants this cough may be weak or absent (7). Since mice cannot cough,
lung pathology is often assessed as a hallmark of disease severity in adult mice. We
have previously described PT-associated pulmonary inflammatory histopathology and
PT-enhanced cytokine production in intranasally inoculated adult mice (27). When
assessing lung pathology in infected neonatal mice at 7 dpi, we were surprised to find
that PT appeared to inhibit airway inflammation in these mice. In complete contrast to
the case for adult mice, WThi-infected neonates displayed significantly lower levels of
cellular infiltration and inflammatory cell cuffing of bronchovascular bundles (BVB) than
ΔPThi-infected neonates (Fig. 2C). This result was unexpected, as WThi-infected neo-
nates succumb to infection, while ΔPThi-infected neonates survive. Aerosol-inoculated
adult mice replicated our previous findings of PT-enhanced inflammatory pathology
(Fig. 2C). A striking age-associated difference for the role of PT in disease progression
was apparent when histopathology was scored in infected neonatal mice and infected
adult mice; PT inhibited pathology in neonates while promoting pathology in adult
mice (Fig. 2D). Low-dose infection in neonates also displayed PT-inhibited generation
of airway pathology at 14 dpi (Fig. 2E). Taken together, these results highlight the
complex function of PT in infection and suggest that airway inflammatory pathology is
not associated with mortality in WT-infected neonates.

In adult mice, PT has been associated with elevated and sustained expression of
lung inflammatory cytokines (26, 27). In this study, WThi and ΔPThi challenge of
neonatal and adult mice resulted in significant increases in lung interleukin-1� (IL-1�),
tumor necrosis factor alpha (TNF-�), and gamma interferon (IFN-�) gene expression
compared with those in PBS-inoculated mice at 7 dpi (P � 0.05). ΔPThi-infected
neonatal mice had significantly higher levels of TNF-�, while the levels of IL-1� and
IFN-� did not differ from those in WThi-infected neonates (Fig. 3A). In contrast, ΔPThi-
infected adult mice had significantly lower levels of IL-1� and IFN-� than WThi-infected
adults. This result correlates well with the observed pulmonary pathology. Lung IFN-�
expression was greater in WThi-infected adults than in WThi-infected neonates, indicat-
ing a possible impaired TH1-type response in neonates. T cell responses are important
for B. pertussis clearance, with protective immunity attributed to CD4� but not CD8� T
cells (31, 32). In our model, the numbers of lung CD4� and CD8� T cells at 7 dpi
increased with infection in neonatal and adult mice (P � 0.05) (Fig. 3B). The ratio of
CD4� to CD8� T cells was similar in WThi-infected and ΔPThi-infected animals (1.8 and
1.7 for WThi in neonates and adults, respectively, versus 1.5 and 1.6 for ΔPThi in
neonates and adults, respectively), but total lung T cell numbers were significantly
higher in ΔPThi-infected mice (Fig. 3B).

PT stimulates leukocytosis in neonatal mice and alters T cell phenotype.
Leukocytosis is a hallmark of severe pertussis in infants, with high white blood cell
(WBC) counts correlating significantly with pertussis-induced mortality (8). We sought
to examine the contribution of PT to leukocytosis in B. pertussis-infected neonatal mice.
WThi-infected neonatal mice displayed significantly more circulating WBC at 7 dpi than
PBS-treated animals, with a marked increase (�6-fold) that was significantly greater
than the modest 2-fold increase in ΔPThi-infected mice (Fig. 4A). Comparison of
neonates infected with WTlo or ΔPTlo also showed PT-dependent leukocytosis at both
7 dpi and 14 dpi (Fig. 4B). In contrast, infected adult mice had no significant alteration
in WBC number at 7 dpi, regardless of PT expression (Fig. 4A). This result confirms a
critical role for PT in the induction of age-associated leukocytosis in pertussis.

The exact mechanism by which PT induces leukocytosis during B. pertussis infection
is unknown (33). Expression of CD62L (L-selectin), a lymph node homing marker, was
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significantly reduced on leukocytes from B. pertussis-infected human infants, suggest-
ing a reduced capacity for leukocytes to migrate to infected tissue and peripheral
lymph nodes (34). In addition, PT administered to macaques downregulated lympho-
cyte expression of LFA-1, an ICAM-1 binding protein involved in extravasation (35), and
PT pretreatment of mouse lymphocytes inhibited LFA-1-mediated arrest on peripheral
lymph node high endothelial venules (36). We therefore examined whether leukocy-
tosis correlated with an altered T cell phenotype following high-dose infection at 7 dpi.
CD62L was expressed on a lower percentage of circulating T cells in neonates than in
adults in PBS-inoculated mice, and this percentage was further reduced with WThi

infection in neonatal mice (Fig. 4C), while ΔPThi infection in adult mice resulted in a
significant increase in the percentage of CD62L� T cells (Fig. 4C). In contrast, LFA-1 was
expressed on a higher percentage of neonatal circulating T cells. However, like for
CD62L, LFA-1� T cell percentages were significantly lower in WThi-infected neonates
than in both PBS-inoculated and ΔPThi-infected mice. Consistent with the lack of
leukocytosis, infection in adult mice resulted in no downregulation of either adhesion
molecule tested (Fig. 4D). We next examined T cell expression of CD69, an early
activation marker. Circulating CD69� T cells were reduced with WThi and ΔPThi infec-
tion in neonates at 7 dpi, while the percentage of T cells expressing CD69 was increased
with WThi infection in adult mice (Fig. 4E). These data indicate that B. pertussis infection
reduces lymphocyte adhesion marker expression in a PT-dependent manner in neo-
nates but not in adult mice, potentially contributing to the observed leukocytosis.

B. pertussis disseminates in neonatal mice, inducing PT-dependent pathology.
Given that PT altered the phenotype of circulating T cells, we hypothesized that B.
pertussis may disseminate beyond the airways in order to exert a systemic effect.
Significant colonization of both the liver and spleen was observed in high-dose-
inoculated neonatal mice at 7 dpi (Fig. 5A), with a dissemination index (see Materials
and Methods for definition) of 2.9 � 10�4 for WThi and 1.7 � 10�4 for ΔPThi. Very low
levels of dissemination were detected in infected adult mice, despite the greater mass
of the adult liver and spleen (dissemination index of 2 � 10�5 and 3 � 10�5 for WThi

FIG 3 B. pertussis infection promotes pulmonary innate cytokine production and T cell recruitment in neonatal mice. At 7
dpi with high-dose challenge, lung transcript levels of IL-1�, TNF-�, and IFN-� were assessed by quantitative RT-PCR (A),
and total lung CD4� and CD8� T cell numbers were determined by flow cytometry following lung digest (B). Bars represent
mean � SD for a representative experiment (n � 4) performed at least two times. *, P � 0.05; **, P � 0.01; ***, P � 0.001;
****, P � 0.0001.
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and ΔPThi, respectively, at 7 dpi). In the case of both adult and neonatal infection,
dissemination did not appear to be PT dependent at high doses (Fig. 5A). However,
neonatal mice inoculated with ΔPTlo displayed only low-level colonization of the liver,
which was cleared by 14 dpi, and failed to colonize the spleen, indicating some function
of PT in promoting dissemination (Fig. 5B). ΔPTlo-infected neonates had a dissemina-
tion index of 7 � 10�5 at 7 dpi, compared with an index of 18 � 10�5 observed for
WTlo at the same time point. Colonization of the lungs is lowest in neonates inoculated
with ΔPTlo, and so this impaired dissemination may be due to ΔPTlo not reaching a
threshold level required for dissemination in this model. These organs may be colo-
nized via the bloodstream. In our high-dose model at 7 dpi, we detected B. pertussis in
the blood at high levels in the majority of infected neonates, while very low levels of
bacteria were detected in the blood of only 50% of infected adult mice (Fig. 5C). Blood
CFU were significantly greater in WT-infected than in ΔPT-infected pups (Fig. 5C), again
indicating some role for PT in dissemination.

Having observed bacterial colonization of the liver and spleen, we examined
whether this dissemination was associated with pathology in these organs. Consistent
with the level of colonization, high-dose-challenged adult mice displayed no altered
histology in the spleen or liver (data not shown), while pathology was observed in
infected neonates at 7 dpi. WThi- and ΔPThi-infected neonates displayed sinusoidal
dilation of the liver (Fig. 6A, arrows), and red blood cell congestion was also observed
with WThi infection (Fig. 6A). Transcriptional analysis of neonatal livers revealed
infection-induced innate cytokine upregulation (IL-1� and TNF-�, P � 0.01 compared
with PBS-inoculated mice) that was reduced in the absence of PT expression, while
IFN-� was also upregulated with infection but was not altered by the expression of PT
(Fig. 6B). In the spleen, WThi-infected neonates displayed a marked reduction in white
pulp (outlined in white in Fig. 6A), while the spleens of ΔPThi-inoculated neonates
displayed extensive architectural dysregulation (Fig. 6A). Despite a reduction in white
pulp, WThi-infected neonates displayed increased splenic wet weight (Fig. 6C). Severe

FIG 4 PT promotes leukocytosis and downregulation of T cell adhesion molecules in neonatal mice. (A and B) Circulating WBC
numbers per milliliter of blood were determined from blood harvested by cardiac puncture at 7 dpi following high-dose inoculation
of neonatal or adult mice (A) or at 7 and 14 dpi for low-dose inoculated neonatal mice (B). Data points are representative of individual
mice from experiments performed at least two times. (C to E) Circulating T cells were assessed for surface expression of adhesion
molecules CD62L (C) and LFA-1 (D) or the early activation marker CD69 (E) by flow cytometry at 7 dpi with high-dose challenge. Bars
represent mean � SD (n � 4) for a representative experiment performed at least two times. *, P � 0.05; **, P � 0.01; ***, P � 0.001;
****, P � 0.0001.
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neonatal pertussis is also associated with pulmonary hypertension (37). Measurement
of heart rate, typically elevated with pulmonary hypertension, in high-dose-inoculated
neonatal mice at 7 dpi revealed a PT-dependent increase in beats per minute (Fig. 6D).

B. pertussis transmission is observed in neonatal mice. One critique of the
murine model of B. pertussis is a lack of transmission between animals, in contrast to the
very contagious nature of pertussis in humans. Transmission of a closely related
pathogen, B. bronchiseptica, has been described in Toll-like receptor 4 (TLR4)-deficient
mice (38), while a baboon model of pertussis is the only animal model described thus
far in which B. pertussis transmission occurs (39). Given the high bacterial load in
infected neonates (Fig. 2A), we hypothesized that this may result in a high degree of
bacterial shedding and hence that transmission between neonatal mice may occur.
Cohoused littermates were directly inoculated (index cases) or uninoculated and
assessed for colonization at the day of harvest (secondary cases). High-dose-inoculated
pups transmitted WT and ΔPT B. pertussis from index animals to all secondary cohoused
littermates from 3 dpi, and this did not appear to be PT dependent (Fig. 7A). Infection
appeared to be controlled in secondary animals, with no increase in bacterial burden
observed from 3 dpi to 7 dpi. Low-dose infection also resulted in transmission to
secondary littermates that was more efficient for WT than for ΔPT at 7 dpi (Fig. 7B).

FIG 5 B. pertussis dissemination is greater in infected neonatal mice than in infected adults. (A and B)
Bacterial loads in the liver and spleen were assessed at 7 dpi in high-dose-challenged mice (A) or at 7 and
14 dpi for low-dose infected neonates (B). (C) The number of CFU in blood was determined at 7 dpi
following high-dose challenge. Data points represent individual animals in a representative experiment
performed at least two times. **, P � 0.01.
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Consistent with previous observations, infected adult mice did not transmit the infec-
tion to secondary adult mice; in addition, transmission from neonates to adults was not
detected (data not shown). This is the first report of B. pertussis transmission in mice and
highlights the increased susceptibility of neonates to infection.

DISCUSSION

In this study, we have shown that the pathogenesis of B. pertussis infection and
disease is strikingly different in neonatal versus adult mice, reflecting the more severe
and sometimes fatal disease in human infants. We also showed the central role of PT
in this pathogenesis. Lethality of the infection in neonatal mice was completely
dependent on PT activity and yet PT inhibited lung inflammatory pathology, indicating
that this is not the cause of pertussis lethality. PT promoted leukocytosis in B. pertussis-
infected neonatal, but not adult, mice and altered circulating lymphocyte surface
markers in manner similar to that seen in B. pertussis-infected human infants.

Age-dependent lethality of B. pertussis infection was previously seen in ICR mice,
with 100% of 10-day-old mice succumbing to infection but only 20 to 40% of 18-day-
old mice and 10 to 20% of 28-day-old mice doing so (40). Those investigators used a
higher dose (aerosol inoculation with 1010 CFU/ml for 30 min) and different mouse
strain than used in our study, where we saw no lethality in 10-day-old mice inoculated
at our dose (3 � 109 CFU/ml for 20 min). Previously, Weiss and Goodwin (15) described

FIG 6 PT induces systemic pathology in neonatal mice. (A) Representative images of H&E-stained liver and spleen sections from neonatal
mice at 7 dpi with high-dose challenge. Arrows indicate the location of liver sinusoids, the arrowhead indicates the location of red blood
cell congestion, and white lines outline splenic white pulp. Images are representative of observations from 4 mice per group. Scale bars
on liver sections represent 100 �m, and scale bars on spleen sections represent 200 �m. No liver and spleen histopathology was observed
in adult infected mice. (B) Liver transcript levels of IL-1�, TNF-�, and IFN-� following high-dose inoculation of neonates were assessed at
7 dpi by quantitative RT-PCR and normalized to those for PBS-inoculated control mice. (C) Splenic wet weights were determined in
neonatal mice at 7 dpi with high-dose challenge. Bars represent mean � SD (n � 4) for a representative experiment performed two times.
(D) Heart rates were determined using a MouseSTAT Jr pulse oximeter and heart rate monitor in neonatal mice at 7 dpi with high-dose
challenge. Data points represent individual mice, with data pooled from two replicates. *, P � 0.05; **, P � 0.01.
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reduced lethality in 6-day-old BALB/c mice infected with undefined transposon mu-
tants of B. pertussis impaired in secretion of PT. Our study firmly establishes that the
lethality of B. pertussis infection is PT dependent, since infection with the highest dose
of the ΔPT strain was not lethal.

The observed higher lung bacterial loads in WT B. pertussis-infected neonatal mice
than in adult mice also highlight the increased susceptibility of neonatal mice to this
infection, presumably due to inferior immune control. PT enhanced lung bacterial loads
in neonatal mice but, surprisingly, not in aerosol-inoculated adult mice, despite our
previous findings that PT enhanced lung bacterial loads in adult mice when inoculated
intranasally (23, 27). It is possible that the aerosol inoculation method in adult mice
delivers bacteria to different airway locations than intranasal inoculation, where the role
for PT is diminished. The major surprise in this study was that there were lower levels
of lung inflammatory pathology in WT B. pertussis-infected neonatal mice than in
ΔPT-infected neonatal mice, despite the lethality being PT dependent. This is com-
pletely opposite in adult mice. PT inhibition of lung inflammatory pathology in neo-
natal mice may be related to its leukocytosis-inducing effect, which is seen in neonatal
but not adult mice. We hypothesize that PT is disseminated in neonatal mice and
intoxicates significant numbers of circulating leukocytes, inhibiting their migration to
the infected lung tissue in response to chemokines produced at the site of infection, as
well as by downregulation of surface adhesion markers mediating extravasation. In
contrast, PT is not disseminated in adult mice, and therefore recruitment of circulating
leukocytes to infected lungs is not inhibited and hence a more severe pulmonary
pathology may develop.

In addition, we saw significant bacterial dissemination from the lungs to other

FIG 7 Intralitter B. pertussis transmission occurs in neonatal mice. Index animals were directly inoculated
with a high-dose or low-dose aerosol challenge and cohoused with naive “secondary” littermates. (A)
Neonatal mice from the high-dose group were assessed for bacterial colonization of the lungs at 3 and
7 dpi. Data points represent individual mice, with data pooled from two replicates. (B) Colonization in the
low-dose group was assessed at 7 dpi. Data points represent individual animals from a single replicate
of an experiment performed twice. **, P � 0.01.

Pertussis Toxin Drives Severe Pertussis Infection and Immunity

November 2017 Volume 85 Issue 11 e00355-17 iai.asm.org 9

http://iai.asm.org


organs in neonatal mice but not in adult mice, an effect that was somewhat PT
dependent. This bacterial dissemination may explain, or at least contribute to, the
dissemination of PT, and pathology in these other organs was also PT dependent. There
are limited data on the effect of B. pertussis infection on organs beyond the lungs in
humans; however, one publication describes liver and spleen pathology similar to that
observed here in a 16-day-old male who died as a result of critical pertussis (41).
Interestingly, we recently showed that treatment of B. pertussis-infected neonatal mice
with a sphingosine-1-phosphate receptor agonist significantly reduced lethality, and
this effect correlated with reduction in bacterial dissemination but not in leukocytosis
(42). Therefore, dissemination of the bacterial infection and the pathological effects of
disseminated PT may be the predominant cause of lethality in this model. We saw a
significant increase in heart rate associated with PT in the infected neonatal mice, and
the liver sinusoidal dilation observed in this model may be a sign of heart failure (43),
suggesting that effects of PT on core physiological functions may be the ultimate cause
of lethality in pertussis.

The factors involved in B. pertussis transmission are poorly understood, largely due
to the limited availability of a low-cost animal model. To date, baboons are the only
animals in which B. pertussis transmission has been described (39), but this is an
expensive model and hence not suitable for screening studies. In this study, we
describe transmission of B. pertussis in the mouse for the first time. The neonatal mouse
model of transmission will provide a platform to investigate virulence genes associated
with transmission and may be useful for investigating vaccine efficacy following
maternal immunization and developing infant-targeted vaccines against B. pertussis.
Here, we show that one virulence factor, PT, has a limited role in B. pertussis transmis-
sion.

An important question is to what extent the neonatal mouse model of B. pertussis
infection recapitulates severe pertussis disease in human infants. The vast majority of
fatal cases of pertussis are in young infants (4, 9), which correlates well with the
age-dependent lethality of the mouse model. We observed higher lung bacterial loads
in neonatal mice than in adult mice, and in humans, one study found evidence of
higher bacterial loads in nasopharyngeal swabs from B. pertussis-infected infants than
in those from adults (44). Leukocytosis is observed in pertussis infections only in young
children and not in infected adolescents and adults (33, 45, 46), a scenario identical to
that in the mouse model. Phenotypic changes in circulating naive T lymphocytes
(which may contribute to leukocytosis) observed in blood from infants with pertussis
(34, 47) were also seen in our infected neonatal mice (Fig. 4). Human lung inflammatory
pathology associated with B. pertussis infection has been assessed only from autopsy
studies of fatal cases in infants. These studies show necrotizing bronchitis, alveolar
epithelial damage and hemorrhage, and fibrinous edema (6, 10). Although we did not
perform extensive pathology analysis of our mice, several of these pathology findings
were apparent in B. pertussis-infected neonatal mice (Fig. 2). However, dissemination of
B. pertussis infection beyond the respiratory tract, observed here in our infected
neonatal mice, is not reported in human infant pertussis cases. There are rare reports
of pertussis bacteremia detected in adults with other serious health conditions (48, 49).
Although to our knowledge there are no reports of disseminated pertussis infection in
infants, routine culture of blood samples for B. pertussis before antibiotic treatment is
not typically performed, and so disseminated infection may have been missed. Overall,
we believe that the neonatal mouse model recapitulates many aspects of pertussis in
human infants and will therefore be a useful model for further investigation of severe
pertussis pathogenesis and potential therapeutic treatments for this age group.

MATERIALS AND METHODS
Bacterial strains. The WT (Tohama-derived), ΔPT (isogenic PT-deficient mutant), and PT* (isogenic

mutant producing enzymatically inactive PT) B. pertussis strains (23) were grown on Bordet-Gengou (BG)
agar plates supplemented with 10% defibrinated sheep blood and 200 �g/ml streptomycin.

Mouse infections. Seven-day-old and 6- to 8-week-old C57BL/6 mice (Charles River) were used in
accordance with the University of Maryland, Baltimore (UMB), Institutional Animal Care and Use Com-
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mittee. Bacterial inocula were prepared in PBS, and the inoculum was administered via a nebulizer
system (Pari Vios) for 20 min. The dissemination index was calculated by summing the total CFU in the
livers and spleens in each group and dividing by the total lung CFU for that respective group. For
transmission studies, 4 pups were directly inoculated and cohoused with �4 naive littermates. Heart
rates were determined using a MouseSTAT Jr pulse oximeter and heart rate monitor (Kent Scientific).
Leukocytosis was determined from blood acquired by cardiac puncture and treated with ammonium
chloride-potassium (ACK) lysis buffer. Left lung, liver sections, and spleen were fixed in 10% (wt/vol)
formalin, mounted, and hematoxylin and eosin (H&E) stained by the UMB Pathology EM and Histology
Laboratory. Pulmonary histopathology was scored based on BVB inflammation and cellular infiltration as
previously described (50).

RNA processing. RNA was isolated using TRIzol reagent (Invitrogen) and reverse transcribed using
a reverse transcription system (Promega) as per the manufacturer’s instructions. Quantitative real-time
PCR (RT-PCR) was performed with Maxima SYBR green/ROX qPCR master mix (Thermo Scientific) in an
Applied Biosystems 7500 Fast real-time PCR system. Transcript levels of cytokine genes were normalized
to the hypoxanthine phosphoribosyltransferase (HPRT) housekeeping gene (primer sequences are given
in Table 1) and compared with those from PBS-inoculated age-matched mice (calculated by 2�ΔΔCT).

Flow cytometry. Blood was treated with ACK, and lungs were digested for flow cytometry (51). Cells
(106/sample) were labeled with peridinin chlorophyll protein (PerCP)-eFluor710 –anti-CD3, phycoerythrin
(PE)–anti-CD4, allophycocyanin (APC)/Cy7–anti-CD8a, Pacific Blue–anti-CD62L, PE–anti-LFA-1, and APC/
Cy7–anti-CD69 and analyzed using a BD LSRII flow cytometer.

Statistical analysis. All plots represent the mean � standard deviation (SD). Significance was
determined by the t test for 2-group analyses and by analysis of variance (ANOVA) and the Kruskal-Wallis
test for 3 or more groups. Significance was determined for survival curves by the log rank (Mantel-Cox)
test.
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